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Rotational superexcited np Rydberg states (n>23, v=O) of NO have been state-selectively 
produced with a two-color double resonance excitation method, and not only the NO+ ions 
generated by autoionization but also nitrogen atoms of the predissociation fragment have 
been directly detected to investigate the competition between rotational autoionization and 
predissociation. As a result, it has been found that the predissociation efficiency of the np 
Rydberg states hardly depends on whether the rotational autoionization channels are open or 
not. This fact clearly demonstrates that the decay dynamics of these states is governed by 
predissociation, not by rotational autoionization- 
1. INTRODUCTION 
The dynamical behavior of superexcited states (neutral 
states lying above the first ionization limit) is generally 
characterized by two main decay processes, autoionization 
and predissociation. tY2 Autoionization, in particular, is pe- 
culiar to superexcited states, and the presence of this pro- 
cess causes their complicated dynamics. Autoionization is 
generally classified into different processes according to 
their internal energy conversion mechanisms. Rotational 
autoionization is one of those processes, and it occurs when 
the molecular rotation energy is converted into the elec- 
tronic energy through an intramolecular interaction.3-‘3 
Rotational autoionization has been believed to play a 
significant role in the decay dynamics of rovibrational su- 
perexcited Rydberg states (Rydberg states lying above the 
ionization threshold owing to the rovibrational excitation 
energy), because rotational autoionization is expected to be 
much faster than vibrational autoionization, which is the 
autoionization process caused by energy conversion from 
molecular vibration into electronic orbital motion. How- 
ever, there have been only a small number of experimental 
studies of rotational autoionization so far.5,6,1S13 This may 
be partly because of the difficulties encountered in its ex- 
perimental study. Rotational superexcited states can be 
produced only in high Rydberg states, because the rota- 
tional energy is very small compared with the vibrational 
and electronic energy. High state density in high Rydberg 
states often makes it hard to carry out the state-selective 
study of these states. Indeed, recent development of laser 
multiphoton excitation techniques has allowed the state- 
selected excitation of highly excited states, but, even now, 
experimental studies on rotational autoionization decay is 
still restricted to H2,5S6*10 D1,ll and NO’2p’3 molecules, to 
our knowledge. Moreover, a complete spectroscopic anal- 
ysis of the rotational autoionization spectra has only been 
performed for H2 and D2, which have exceptionally large 
rotational constants. 
On the other hand, many authors have pointed out 
that predissociation processes also play an important role 
in the decay dynamics of superexcited Rydberg 
states.1’2”4’7 This suggests that there is generally strong 
competition between rotational autoionization and predis- 
sociation in rotational superexcited Rydberg states. How- 
ever, it is difficult to achieve the experimental investigation 
of this competition using a simple spectroscopic method, 
because we need to observe these two processes separately 
in order to discern their relative efficiencies. This difficulty, 
in addition to the difficulty in the state-selected excitation 
of high Rydberg states, may be the reason why there have 
been so few experimental studies of this competition. From 
the step-like structure at the ionization threshold in the 
rotational autoionization spectra of NO, Pratt et all3 
pointed out that predissociation makes a large contribution 
to the decay process of the autoionizing Rydberg states. 
Their conclusion is, however, based only on this indirect 
observation of predissociation, and there has been no direct 
evidence of the significance of predissociation in rotational 
superexcited Rydberg states. 
Recently, we reported the detection of fragment nitro- 
gen atoms produced by predissociation of superexcited Ry- 
dberg states of N0.18 We performed rotational-state- 
selected excitation of the Rydberg states by using a two- 
color double resonance technique, and directly probed the 
fragment nitrogen atoms by resonance enhanced multipho- 
ton ionization (REMPI). With this method, we could sep- 
arately observe the fragment yield spectrum and autoion- 
ization spectrum. In the present work, we applied this 
method to rotational superexcited np Rydberg states 
(n>23, v=O) of NO, and studied the competition between 
rotational autoionization and predissociation. In this pa- 
per, we present the results of this investigation. 
II. EXPERIMENT 
The excitation and probing schemes, shown in Fig. 1, 
are almost the same as in our previous studies.18 In brief, 
the excitation of NO Rydberg states was performed with a 
two-color double resonance excitation technique to elimi- 
nate band congestion. The first laser pumped the molecule 
to a single rotational level of the A 22+ ( u = 0) ( 3s~) state, 
and the second laser excited the molecule successively to 
high Rydberg states (n>23, u=O). The Rydberg states 
investigated in this experiment have three open dissocia- 
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FIG. 1. Energy diagram and excitation scheme for the NO molecule. The 
energy spacing between the two ionization limits of rotational excited 
Rydberg series is greatly exaggerated. The inset shows the probing 
scheme for the nitrogen atom. 
tion channels, I9 as shown in Fig. 1. Fragment nitrogen 
atoms produced by predissociation should be in the meta- 
stable 2p3 2DJ (J=5/2 or 3/2) or ground 2p3 4S3/2 states. 
Both nitrogen atoms were detected by the REMPI method, 
in which the third laser photoionized the atoms through a 
three-photon process enhanced by a respective two-photon 
resonance. For the N( 2DJ) atom, only the J= 5/2 state 
was studied, and fine structure dependence of this fragment 
atom was neglected.20 
Autoionization spectra were obtained by simply de- 
tecting NO+ ions as a function of the second laser wave- 
length (direct photoionization signals of the high Rydberg 
states are not observable with the present laser power be- 
cause of their very small cross-sections). In addition to 
these observations, in order to investigate the relative ex- 
citation efficiency of each Rydberg state, the absorption 
intensity of the nZtA (0,O) transition was also measured 
by the fluorescence dip method,‘8S21 in which the fluores- 
cence intensity from the intermediate A state was detected 
to measure the population depletion caused by absorption 
of the second laser. 
All the above excitations were performed by using the 
frequency doubled outputs of three pulsed dye lasers. The 
spectral width of each output was about 0.4 cm-‘. The first 
and second lasers for the excitation of NO molecule oper- 
ated at 0.3 mJ/pulse in energy and were unfocused or 
loosely focused- in the interaction region, while the third 
laser ( ~0.5 mJ/pulse) used for probing the fragment ni- 
trogen atom was tightly focused. In the measurement of 
autoionization yield (NO+ detection), the first and second 
lasers were sufficiently weakened to avoid saturation of the 
ion detector. There was no time delay between the first and 
second laser pulses, whereas the third laser pulse was de- 
layed by 20-175 ns with respect to the former two pulses. 
To eliminate collisional effects, we used an unskimmed 
jet of pure NO gas, which was expanded from a stagnation 
pressure of 1 atm to the vacuum chamber with a typical 
background pressure of 2X 10m6 Torr. The Nf and NO+ 
ions were separately detected by using a time-of-flight 
mass-spectrometer equipped with a multichannel plate 
electron multiplier. An electric field ( s90 V/cm) was ap- 
plied to the interaction region in order to extract the ions 
into the flight tube. To eliminate the field ionization ef- 
fect,22 we used a pulsed electric field rising after about 200 
ns following the first (second) laser pulse. 
Ill. RESULTS AND DISCUSSION 
Figure 2 shows typical examples of the observed spec- 
tra, in which the first laser excited the molecule to the 
N=12 (J=11.5 and 12.5), v=O level of the A 2X+ state 
through the Q,,( 12.5) +P,,( 12.5) branches and the sec- 
ond laser wavelength was scanned around the vertical ion- 
ization threshold. Here, the quantum number N represents 
the total angular momentum apart from spin, and J is the 
total angular momentum. Our laser resolution could not 
separate the spin splitting, so that the present study ne- 
glected the spin dependence of the NO molecule. In Fig. 2, 
the following spectra are shown; (a) fluorescence dip spec- 
trum (in which the fluorescence intensity from the inter- 
mediate A state was monitored), (b) autoionization spec- 
trum (NO+ intensity), and (c) N( 2D)-yield spectrum 
( Nf intensity). We attempted to detect the N( 4S) atom as 
well, but could not observe reliable N(4S)-yield spectra 
because of the poor N+ signal intensity. In observing spec- 
trum (c), the delay time between the first (second) and 
third laser pulses was setto 175 ns, while almost the same 
spectrum was obtained with a shorter delay time of 20 ns. 
The latter fact means that all the decay processes of the 
observed Rydberg states were completed within 20 ns of 
the excitation. 
In each spectrum of Fig. 2, we can see three different 
Rydberg series: one is assigned to the np series and the 
others the nf series. This assignment was determined fol- 
lowing the analysis by Anezaki et al., who performed de- 
tailed spectroscopic studies on the two-color double reso- 
nance excitation via the A ‘Zi- state (v=O and 1) of 
NO.‘2p23 A set of quantum numbers vf and Nf given in 
Fig. 2 specifies each rovibrational state of the ion core of 
the Rydberg states. Ionization thresholds, which corre- 
spond to rotational levels in the ion ground state, are also 
indicated by the quantum number @. 
In both the absorption [Fig. 2(a)] and N (2 D)-yield 
[Fig. 2(c)] spectra, the np series is predominantly strong 
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FIG. 2. Excitation spectra of NO observed when the second laser wave- 
length was scanned around the vertical ionization threshold with the first 
laser wavelength fixed at the A *ZZ+ (u=O, N= 12) +X*Il transition; (a)’ 
fluorescence dip spectrum (fluorescence intensity from the intermediate A 
state), (b) autoionization spectrum (NO+ intensity), (c) N(*D)-yield 
spectrum (N+ intensity detected with the third laser fixed at the 3p ‘S,,, 
+2p3 *Dsn two-photon transition of the nitrogen atom). Each set of 
quantum numbers (u+,N+) represents the rovibrational state of the ion 
core of Rydberg states. Ionization thresholds, which correspond to rota- 
tional levels in the ion ground state, are also indicated by the quantum 
number fif. 
and clearly seen up to ~~~550. This is reasonable because 
the intermediate A ‘Zf state is the 3s~ Rydberg state and, 
therefore, a transition from this Rydberg state should be 
strongest when the final state is a p Rydberg state. There 
have been many studies concerned with the predissociation 
of the np Rydberg states of NO, and some have pointed out 
that this strong predissociation is due to direct coupling 
with the B 211 state converging to the N( 2D) +0( 3P) dis- 
sociation limit.‘4’15124 
In contrast to the simple structure seen in the absorp- 
tion and N( 2D)-yield spectra, the autoionization spectrum 
[Fig. 2(b)] shows very complicated Rydberg structure 
caused by rotational autoionization. Although similar ro- 
tational autoionization spectra of NO have been measured 
by Anezaki et al. l2 and Pratt et al,” detailed assignments 
of the spectra have not been given. In the present study, we 
successfully determined the assignment of the autoioniza- 
TABLE I. Core rotation selection rules in rotational autoionization. 










tion spectrum by comparing it with the absorption and 
N( 2D)-yield spectra. The most significant difference be- 
tween the ionization and absorption spectra lies in that 
both nf series [nf(N+ = 12) and nf(N+ = 14)] appear 
more strongly in the ionization spectrum than in the ab- 
sorption spectrum, making the ionization spectrum more 
complicated. 
Considering only the ionization threshold energy, ro- 
tational autoionization should be allowed above the n= 19 
state for the p Rydberg states with the u+ =0, N+ = 12 ion 
core. In the observed spectra, however, no autoionization 
signal is seen below n = 28. This is because the orbital an- 
gular momentum of the ejected electron gives a further 
restriction on the selection rules for autoionization, as de- 
scribed by Pratt et al. l3 For example, when an electron is 
ejected to the up continuum by the rotational autoioniza- 
tiqn of an np Rydberg state with an ion core rotation quan- 
tum number of N+, conservation of the total angular mo- 
mentum and parity symmetry requires that the core 
rotation should change by AN+ = -2 on autoionization. 
Therefore rotational autoionization is allowed only above 
the #+ = 10 threshold. The core rotation restrictions for 
other continuum electron ejection’0”3 are listed in Table I. 
The np Rydberg series in the ionization spectrum [Fig. 
2(b)] shows two thresholds at n=28 and 33. The former is 
considered as an opening of the rotational autoionization 
with AN+ = - 3 (ionization to the a+ = 9 ionic state), and 
the latter the autoionization with AN+ = -2. The thresh- 
old at n= 33 is more clear than at n=28. This is consistent 
with the fact, reported by Pratt et al. ,13 that the up wave 
ejection is more efficient than the Ed ejection. Another 
threshold seen at n =45 might correspond to AN+ = ;l. 
However, almost all the strong peaks observed in this re- 
gion can be assigned to the nf(N+ = 14) series, though 
they are heavily overlapped with the np series. It may, 
therefore, be more reasonable to interpret this threshold as 
the opening of the AN+ = -3 autoionization of the 
nf( N+ = 14) Rydberg states. 
The observed thresholds for the np Rydberg states are 
about 10 cm-’ lower than those expected from previous 
studies,‘3123 [the latter positions are indicated by @ in Fig. 
2(b)]. In addition, the observed vertical ionization thresh- 
old (@+= 12) is also red-shifted. As will be seen later 
[from Eq. ( 1 )], lifetimes of rotationally autoionizing states 
(n 5 450) are estimated to be much shorter than the delay 
time (200 ns) of the pulsed extraction field from the mo- 
lecular excitation. It is, therefore, hardly possible to con- 
sider that these red-shifts were caused by the field ioniza- 
tion. This is supported by the fact that no change occurred 
in the red-shifts even when the delay time was increased up 
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FIG. 3. Intensity distributions of the absorption and N(‘D)-yield of the 
np Rydberg series from n=23 to 45. The arrows indicate the rotational 
autoionization thresholds observed in Fig. 2. 
to 500 ns. The most probable cause for the red-shifts may 
be a collisional effect.25 Although we used a free jet expan- 
sion to eliminate collisional effects, it is likely that the grid 
electrodes to apply the extraction field, more or less, 
caused disorder in the free jet. It is quite possible that an 
n-changing collision followed by autoionization led to the 
red-shifts. For the red-shift of the vertical ionization 
threshold, collisional ionization of very high Rydberg 
states may also have contributed. It is also possible that 
this red-shift may have been partly caused by the field 
ionization of the very long-lived Rydberg states lying just 
below the vertical ionization limit. 
Intensity distributions of the spectra give us important 
information on the competition between rotational auto- 
ionization and predissociation. Figure 3 shows the inten- 
sity distributions of the absorption and N(2D)-yield of the 
np Rydberg states in Fig. 2. Each mark in Fig. 3 represents 
the peak intensity normalized by the total magnitude 
summed over the np Rydberg series from n = 23 to 45. It is 
clearly seen in Fig. 3 that the two spectra have almost the 
same intensity distribution, at least below n=40 or so. 
While the rotational autoionization shows thresholds at 
n=28 and 33, as seen in Fig. 2 (these thresholds are indi- 
cated by arrows in Fig. 3), there is no remarkable change 
in the N(2D> -yield. The parallelism between the absorp- 
tion intensity and N( 2D)-yield distributions means that 
the branching ratio of the N( 2D) -generating predissocia- 
tion is almost constant over the observed Rydberg states. If 
we include the possibility of another predissociation pro- 
cess, namely, the N( 4S) -generating predissociation, there 
are three possible cases for the mutual relation among the 
three decay processes to be consistent with this parallelism: 
(i) the branching ratio of the N( 2D)-generating pre- 
dissociation is almost unity for every np Rydberg state, and 
any other process makes only a minor contribution, 
(ii) the branching ratios of the N(2D)- and N(4,S)- 
generating predissociation processes are both large and al- 
most constant for every np Rydberg state, while the rota- 
tional autoionization is still negligible, or 
(iii) the rotational autoionization makes a large con- 
tribution, and the strong variation of its branching ratio is 
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compensated for by the N ( 4,S) -generating predissociation 
such that the N( 2D)-generating predissociation can keep 
the constant branching ratio. 
Among these three cases, case (iii) seems the most artifl- 
cial and unrealistic, because there is no absolute necessity 
for these processes to correlate with each other so as to 
keep the constant branching ratio of the N ( 2 D) -generating 
predissociation. It is, therefore, safe to exclude this case. 
On the other hand, case (ii) is not necessarily impossible. 
However, our previous experimental results for low su- 
perexcited np Rydberg states (n=7-18) I8 show that the 
branching ratio of the N ( 4S) -generating predissociation 
depends strongly on n, and, furthermore, that the line- 
widths hardly depend on the efficiency of the N(4S’)- 
generating predissociation. Although there is no such ex- 
perimental evidence for high superexcited Rydberg states, 
we cannot find any positive reason why they should not 
also behave in a similar way. Thus, we expect that case (i) 
is much more probable and realistic than case (ii). In ei- 
ther case, however, the rotational autoionization rate is 
required to be much smaller than the total predissociation 
rate. Therefore, from the present result, we can definitely 
conclude that the decay dynamics of the high np Rydberg 
states are predominantly governed by predissociation pro- 
cesses, not by rotational autoionization. This is the most 
important conclusion of the present study. 
Regarding the intensity distributions, there are some 
minor comments, which we shall now consider. The inten- 
sity difference between the two distributions in Fig. 3 is less 
than 20% for the n<40 states. This means that the total 
predissociation rate is more than four times larger than the 
rotational autoionization rate, whether case (i) or (ii) is 
true. For n>41, on the other hand, the difference between 
the two intensity distributions looks to become larger with 
increase of n. Corresponding with this, the ionization in- 
tensity also tends to increase, as seen in Fig. 2, while the 
absorption intensity decreases. This increase in the auto- 
ionization efficiency might be a cause for the divergence of 
the intensity distributions for n>41. However, the signal 
intensity in this region is so weak that we cannot be certain 
of such a conclusion at present. 
The rotational autoionization rate k,,,(s-‘) of an np 




=2~c 47~R NW+11 
py (2Nf (&dQ2~ (1) 
where R is the Rydberg constant (109 735.3 cm-’ for 
NO), n* is the effective principal quantum number ( n* = n 
-6), and S, and S, are quantum defects for the npa and 
npn states, respectively. For an NO molecule, a theoretical 
calculation’5’17P26 gives 0.641 and 0.730 for S, and 6, re- 
spectively, so that we obtain from Eq. ( 1) 
1 
k,t=5.1 x 1014xm, (2) 
for the np Rydberg state with N= 12. For example, k,,, of 
the 35~ Rydberg state is calculated to be 1.2~ lOto s-l 
from Eq. (2). As discussed above, the total predissociation 
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rate is typically more than four times faster than the rota- 
tional autoionization rate, so that we can estimate the total 
predissociation rate of the 35~ state to be larger than 
5x 1o’O s-l. 
It would be interesting to compare the above estima- 
tion with other results, but, unfortunately, there have been 
neither experimental nor theoretical data that can be di- 
rectly compared with it. However, we can obtain some 
useful information from our previous results of linewidth 
measurements for low np Rydberg states (n = 10-12, v=O, 
N=0).27 In these states, autoionization processes are ab- 
sent because they lie below the ionization threshold, and it 
has already been confirmed that their linewidths are deter- 
mined almost exclusively by the N ( 2 D) -generating predis- 
sociation process. By such measurements, we obtained 6, 3, 
and 3 cm- * for the linewidths of the lop, llp, and 12p 
states, respectively. Applying the simple n3-scaling law3 to 
these values, we can estimate that the N(2D)-generating 
predissociation rate of the 35~ state is roughly 2X 10” s-l. 
Although this value is of the same order as the total pre- 
dissociation rate estimated in the previous paragraph, the 
latter value is more than 2.5 times the former. If case (i) is 
true, this difference is too large to be disregarded because 
case (i) requires the total predissociation rate to be almost 
equal to the N( 2D> -generating predissociation rate. In this 
case, there may be two possibilities for this difference: The 
first one is that the n3-scaling law does not hold good for 
the present Rydberg states. Strictly speaking, this scaling 
law is available only for a single closed-channel system 
interacting with a continuum. In a multichannel system 
like the present case, complicated channel interactions can 
cause a drastic deviation from this law. The second possi- 
bility is overestimation of the rotational autoionization rate 
by Eq. ( 1). This is also probable, because Eq. ( 1) is just an 
approximate formulation and has never been confirmed 
experimentally for any molecule other than Hz.‘,” On the 
other hand, case (ii) essentially assumes the presence of an 
appreciable difference between the total predissociation 
rate and N( 2D> -generating predissociation rate, and this 
difference corresponds to the N( 4S> -generating predissoci- 
ation rate. In this case, however, the N ( 45’) -generating pre- 
dissociation rate must be more than 1.5 times the N( 2D)- 
generating predissociation rate. This may be almost 
impossible, if we consider the negligible contribution from 
the N(4S)-generating predissociation in’ low np Rydberg 
states, as discussed before. 
For a more precise discussion on the above discrep- 
ancy between the theoretical and experimental estimations, 
we should, at least, directly measure the linewidth of the 
high Rydberg states. From the discussion described just 
following Eq. (2), the total decay rate of the 35~ state is 
estimated to be larger than 6 X 10” s- ‘, which corresponds 
to a linewidth of 0.3 cm-‘. This is a critical value for the 
frequency resolution of the present double resonance spec- 
troscopy using frequency doubled outputs (band- 
width-O.4 cm-‘) of pulsed dye lasers, so that, unfortu- 
nately, we could not measure the linewidth in this work. If 
single-mode continuous-wave lasers were used, it is ex- 
petted that it can easily be measured. This will be one of 
the important studies for the future. 
IV. CONCLUSION 
In this study, we have successfully performed separate 
observations of predissociation and rotational autoioniza- 
tion in superexcited Rydberg states of the NO molecule. As 
a result, it has clearly been shown that the decay dynamics 
of those states is predominantly governed by predissocia- 
tion, not by rotational autoionization. This is, we believe, 
the first experimental study that has clarified the mutual 
relation between the efficiencies of the rotational autoion- 
ization and predissociation. 
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